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Abstract 9 
Irrigation is known to stimulate soil microbial carbon and nitrogen turnover and potentially 10 
the emissions of nitrous oxide (N2O) and carbon dioxide (CO2). We conducted a study to 11 
evaluate the effect of three different irrigation intensities on soil N2O and CO2 fluxes and to 12 
determine if irrigation management can be used to mitigate N2O emissions from irrigated 13 
cotton on black vertisols in South-Eastern Queensland, Australia. Fluxes were measured over 14 
the entire 2009/2010 cotton growing season with a fully automated chamber system that 15 
measured emissions on a sub-daily basis. Irrigation intensity had a significant effect on CO2 16 
emission. More frequent irrigation stimulated soil respiration and seasonal CO2 fluxes ranged 17 
from 2.7 to 4.1 Mg-C ha-1 for the treatments with the lowest and highest irrigation frequency, 18 
respectively. N2O emission happened episodic with highest emissions when heavy rainfall or 19 
irrigation coincided with elevated soil mineral N levels and seasonal emissions ranged from 20 
0.80 to 1.07 kg N2O-N ha-1 for the different treatments. Emission factors (EF = proportion of 21 
N fertilizer emitted as N2O) over the cotton cropping season, uncorrected for background 22 
emissions, ranged from 0.40 to 0.53% of total N applied for the different treatments. There 23 
was no significant effect of the different irrigation treatments on soil N2O fluxes because 24 
highest emission happened in all treatments following heavy rainfall caused by a series of 25 
summer thunderstorms which overrode the effect of the irrigation treatment. However, higher 26 
irrigation intensity increased the cotton yield and therefore reduced the N2O intensity (N2O 27 
emission per lint yield) of this cropping system. Our data suggest that there is only limited 28 
scope to reduce absolute N2O emissions by different irrigation intensities in irrigated cotton 29 
systems with summer dominated rainfall. However, the significant impact of the irrigation 30 
treatments on the N2O intensity clearly shows that irrigation can easily be used to optimize 31 
the N2O intensity of such a system. 32 
 33 
 34 
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Introduction 35 
 36 
Over the last century there has been unprecedented growth in irrigated agriculture. It has been 37 
estimated that in the future nearly two-thirds of the world’s  food production will come from 38 
irrigated agriculture (FAO 1996). It is also known that irrigation can accelerate the soil 39 
microbial carbon (C) and nitrogen (N) turnover and lead to conditions that promote elevated 40 
emissions of  N2O  and CO2 from soils (Linn and Doran 1984; Scheer et al. 2008). Globally, 41 
agricultural activities (including those on grazing lands) account for 15-20% of total 42 
greenhouse gas (GHG) emissions and agricultural croplands are responsible for 60% of total 43 
anthropogenic N2O emissions (Smith et al. 2007). It is estimated that the trend towards more 44 
intensive agriculture will lead to a further increase in N2O emissions of about 50% by 2020 45 
(US-EPA 2006). This trend and the high global warming potential of N2O (298 times greater 46 
than CO2 during a 100-year life time) suggests that there is significant potential for climate 47 
change mitigation in the reduction of N2O emissions from agricultural soils and the need to 48 
develop land management policies which aim to reduce GHG emissions has been highlighted 49 
(Smith et al. 2007). However, there is much uncertainty in current estimates of global N2O 50 
emissions and recent literature reviews on agricultural GHG emissions are lacking data on 51 
irrigated systems (Bouwman et al. 2002; Stehfest and Bouwman 2006). Furthermore, most 52 
N2O emission studies are still based on low frequency manual measurements (weekly to 53 
monthly sampling regime) over short time periods and it is known that upscaling of short-54 
term measurements with low frequency time-resolution can result in substantial over- or 55 
underestimation of annual fluxes (Liu et al. 2010). 56 
 57 
The Murray-Darling River Basin (MBD) is the most productive agricultural region in 58 
Australia, covering approximately 90 million hectares with 1.9 million hectares under 59 
3 
 
irrigation in 2000/01 (Bryan 2004). The Darling Downs region of the MDB is especially 60 
noted for its deep fertile clay soils, making this region one of the most productive in Australia 61 
for grain and cotton. Cotton is commonly produced with high nitrogen fertilizer and irrigation 62 
inputs, which could lead to elevated emissions of N2O and CO2. Significant emissions of N2O 63 
have been reported from irrigated cotton fields across the globe (Liu et al. 2010; Dobbie et al. 64 
1999; Scheer et al. 2008), but there is no data from Australia based on detailed field 65 
measurements. Moreover, it remains unclear if irrigation amount and frequency can be used 66 
to mitigate soil N2O and CO2 emissions in cotton. Consequently, the aims of the following 67 
study were to assess the influence of different irrigation intensities on N2O and CO2 fluxes 68 
from irrigated cotton and to gain a critical insight into how N2O emissions might be reduced 69 
by modified irrigation management.  70 
Material and Methods 71 
Study site 72 
The field experiment was conducted during the 2009/2010 cotton season at the Agri-Science 73 
Queensland, Department of Employment, Economic Development & Innovation (DEEDI) 74 
Kingsthorpe research station. The station is located in the Darling Downs region about 140 75 
km west of Brisbane (27o31’S, 151o47’N, 431 m above mean sea level). Historically, the site 76 
has been planted to a variety of grain-legume-cotton rotation, and in the past 3 years before 77 
the present study, was used for an irrigation trial and under cotton/wheat rotation . The region 78 
has a sub-tropical climate with an average annual precipitation of 630mm (1990-2010) 79 
(Commonwealth Bureau of Meteorology, http://www.bom.gov.au/climate) where most of the 80 
rainfall is between October and March, during the summer crop growing season. Average 81 
minimum and maximum temperatures for the 2009-10 cotton growing season (Oct-May) 82 
were 16.3 and 27.2°C, respectively, with days exceeding 40°C (Figure 1). The soil at the site 83 
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is a haplic, self-mulching, black vertisols (FAO 1998). It has a heavy clay texture (76% clay) 84 
in the 1.5 m root zone profile, with a distinct change in soil color from brownish black 85 
(10YR22) in the top 90 cm to dark brown (7.5YR33) deeper in the profile. The soil is of 86 
alluvial fan and basalt rock origin, slowly permeable, with a surface slope of about 0.5%. 87 
Physical and chemical characteristics of the soil profile are shown in Table 1.  88 
 89 
Experimental design 90 
The experiment was set up as a randomized split plot design using three irrigation treatments 91 
and three replications. Each experimental plot was 13 m wide x 20 m in length, with the crop 92 
planted in the North-South orientation. A buffer zone (4 m) was planted between plots and a 93 
road (4 m) was located at the centre of the research area. The irrigation treatments included: 94 
1. High irrigation (HI). Irrigation was applied when 50% of the plant available water 95 
capacity (PAWC) was depleted.   96 
2. Medium Irrigation (MI). Irrigation was applied when 60% of the PAWC was 97 
depleted.   98 
3. Low irrigation (LI). Irrigation was applied when 85% of the PAWC was depleted.  99 
The plots were irrigated individually with bore water using a solid-set sprinkler system. 100 
Partial-circle sprinkler heads were used to avoid irrigating adjacent plots.  Irrigations were 101 
applied during times with low wind speeds to assure uniformity of application. Irrigation 102 
amounts were measured using a rain gauge installed at the centre of each plot and were 103 
scheduled based on neutron probe soil water content measurements. All treatments received a 104 
total N application rate of 200 kg N ha-1 applied as urea top dressing in three applications. 105 
Amount and timing of fertilizer application and irrigation are shown in Table 2. 106 
 107 
N2O and CO2 flux measurement 108 
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N2O and CO2 fluxes were measured during the entire cotton growing season from November 109 
17, 2009 to May 20, 2010 with a mobile fully automated chamber system that enabled 110 
simultaneous determination of N2O and CO2 emissions. The measuring chambers were 111 
installed in the space between two cotton rows, therefore measuring the gas fluxes from the 112 
soil rather than that from the crop canopy. Details of the design and operation of the chamber 113 
system are found in Breuer et al. (2000) and Kiese et al. (2002). Briefly, the system consisted 114 
of a gas chromatograph (SRI 8610C, Torrance/USA) equipped with a 63Ni electron capture 115 
detector (ECD) for N2O analysis and a single path infra-red gas analyser (Licor, LI 820, St 116 
Joseph, MI, USA) for CO2 analyses. To minimize the interference of moisture vapor and CO2 117 
on N2O measurement, a pre-column filled with sodium-hydroxide-coated silica was installed 118 
upstream of the ECD and changed at fortnightly intervals. Measurements were taken from 3 119 
subplots for each treatment within a split-plot design. Nine acrylic and stainless steel 120 
sampling chambers (50 cm x 50 cm x 15 cm) were fixed on stainless steel frames inserted 121 
100 mm into the soil. The lids of the chambers were opened and closed automatically with 122 
pneumatic pistons. During a normal measurement cycle, three chambers were closed at one 123 
time and four air samples taken from each chamber sequentially for 48 min (12 min apart) 124 
before the chambers were opened again and the next three chambers closed and sampled. It 125 
therefore took 144 min for all chambers to be sampled and up to 10 single flux rates could be 126 
determined per chamber per day. Sample gas measurements were calibrated automatically 127 
after every third sample by a single point calibration using certified gas standards (Air 128 
Liquide, Dallas, TX, USA) of 0.5 ppm N2O and 800 ppm CO2. The detection limit of the 129 
system was approximately 0.5 g N2O-N ha-1 day-1 for N2O and 2 kg CO2-C ha-1 day-1 for CO2 130 
fluxes; sample dilution via leakage was considered negligible. Fluxes of N2O from the 131 
automated chambers were calculated from the slope of the linear increase or decrease over 132 
the 4 concentrations measured over the closure time. CO2 flux was determined from 6 133 
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concentrations taken during the first 3 sampling intervals, 25-31 minutes after closure 134 
(depending on the chamber number in the sampling sequence). Pearson’s correlation 135 
coefficient (r2) for the linear regression was calculated and used as a quality check (linearity 136 
of the concentration increase) for the measurement. Flux rates were discarded if r2 was < 0.80 137 
for N2O and < 0.90 for CO2 fluxes. The flux rate was then calculated and corrected for air 138 
temperature, atmospheric pressure and the ratio of chamber volume to surface area as 139 
described in detail by Barton et al (2008). The use of the automated measuring system 140 
enabled us to obtain more than 1330 emission rates, 73% of the potential number, over the 141 
184 day measuring campaign. 142 
 143 
Ancillary measurements 144 
Soil temperature at a depth of 10 cm was measured hourly and chamber temperature was 145 
measured every minute in conjunction with the automatic sampling system using PT100 146 
probes (IMKO Germany).  Also, an EnviroStation (ICT International Pty Ltd, Armidale, 147 
NSW, Australia) electronic weather station was installed at the research site to measure local 148 
weather variables. The station recorded both daily and hourly values of solar radiation, air 149 
temperature (maximum, minimum, and average), relative humidity, wind speed and rainfall.  150 
Soil moisture was measured at least weekly at 0.10 m depth increments to a depth of 1.5 m 151 
with the neutron probe method using a 503DR Hydroprobe (CPN International, Inc., 152 
Martinez, CA, USA) that was calibrated for the soil at the research site. Water-filled pore 153 
space (WFPS) was calculated using measured soil bulk density data (arithmetic means of four 154 
samples) and an assumed particle density of 2.65 g cm-3(Werner et al. 2006). Additionally, at 155 
the beginning and end of the growing season, bulk soil samples were taken from each plot by 156 
combining 5–10 soil cores (0–10 cm depth) and analyzed for soil texture, total carbon (C %) 157 
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and total nitrogen (N %). In each plot, grain yield was measured outside the chamber area at 158 
harvest.  159 
 160 
Statistical Analysis and Calculations 161 
Statistical analysis was undertaken using SPSS 16.0 (SPSS Inc., USA). Non-normal 162 
distribution of N2O fluxes was shown using the Kolmogorov-Smirnov test. The non-163 
parametric pair-wise Wilcoxon test was used without any data transformation for the 164 
comparison of the different irrigation treatments. A Pearson correlation analysis was used to 165 
examine relationships between gas fluxes and soil and environmental parameters. Daily 166 
fluxes were calculated by averaging sub-daily measurements for each chamber over the 24 167 
hour period before averaging across the 3 replicate chambers. To calculate seasonal 168 
cumulative fluxes, calculated daily fluxes were then summed according to the measurement 169 
period. Gaps in the dataset were filled by linear interpolation across missing days. Emission 170 
factors were calculated uncorrected for background emission over the cropping season for 171 
cotton and expressed as the percentage of the total fertiliser N applied that was emitted as 172 
N2O-N. The N2O intensity of each treatment was calculated as the ratio of N2O emissions in 173 
relation to crop yield and relates to how much N2O is emitted per ton of grain produced.  174 
 175 
Results 176 
Seasonal variability of environmental and soil conditions 177 
Over the cropping season 459mm of rainfall was recorded at the study site including several 178 
summer thunderstorm events with heavy rainfall exceeding 70mm on a single day (Figure 1). 179 
In addition, the HI, MI and LI treatments received 275 mm of irrigation water in 12 180 
applications, 174 mm in 9 applications and 127 mm in 7 applications, respectively (Table 2 181 
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Table 2). The rainfall over the study period was in good agreement with the mean rainfall 182 
(450mm) over the growing season for cotton for the 40 year period from 1972-2011. The 183 
mean air temperature over the study period was 20.7 ºC; maximum hourly air temperature 184 
(40.0 ºC) was recorded in January, while minimum hourly air temperature (-2.6 ºC) was 185 
recorded in May 2010. There was no significant treatment effect on soil temperature. 186 
Average daily soil temperatures ranged from 12.2 ºC to 28.8 ºC. Soil temperatures were 187 
highest from Nov-Jan and lowest towards the end of the growing season in May (Figure 1). 188 
Soil water filled pore space (WFPS) of the upper soil (10cm) varied over the season mainly in 189 
response to rainfall and irrigation events. Due to frequent rainfall or irrigation over the entire 190 
cropping period soil water levels stayed high in all treatments with WFPS ranging from 55 to 191 
78% (Fig.2). Highest values were observed after heavy rainfall events (73mm) in December 192 
2009 and February 2010.  From beginning of March onwards rainfall was low and as a result 193 
WFPS declined steadily in all treatments. Soil water levels in April and March were 194 
significantly lower in the LI treatment since there was no irrigation in this treatment in April 195 
(Table 2). 196 
Soil mineral N (NO3- and NH4+) concentration of the upper soil level (0-10cm) followed a 197 
similar trend for all treatments responding to the application of mineral fertilizer and rainfall 198 
or irrigation (Figure 2). Soil NH4+ levels ranged from 1.7 to 43.5 mg N kg-1 and were highest 199 
after fertilizer application at planting and increased again after the split application of 100 kg 200 
N ha-1 of urea  on 20/25 Jan and 12 Feb 2010. From Feb 17 2010 onwards, NH4+ levels 201 
remained at relatively low levels (< 3.5 mg N kg-1) in all treatments. Soil NO3- levels ranged 202 
from 1.5 to 69.7 mg N kg-1 and displayed a similar trend to the NH4+ concentration with two 203 
distinct peaks following the application of N fertilizer which decreased towards the end of the 204 
growing season. 205 
 206 
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Soil N2O and CO2 emissions 207 
There was high temporal and spatial variation in soil N2O fluxes in all treatments and the 208 
highest losses occurred when heavy rainfall or irrigation coincided with elevated soil mineral 209 
N levels. These ‘emission pulses’ accounted for 50-60% of the total emissions in all 210 
treatments. Overall there was no pronounced treatment effect and only the MI was 211 
significantly different from the LI treatment (Table 3). Average soil N2O flux over the entire 212 
cropping season (183 days) was 4.6 g N2O-N ha-1 day-1 in the HI treatment, 6.0 g N2O-N ha-1 213 
day-1 in the MI treatment and 4.6 g N2O-N ha-1 day-1 in the LI treatment, which amounted to a 214 
total of 0.82 kg, 1.07 kg and 0.80 kg of N per hectare emitted as N2O over the season for the 215 
different treatments, respectively. The corresponding emission factors, uncorrected for 216 
background emissions, varied from 0.40% to 0.53% of the total amount of mineral N applied 217 
to the plots over the cotton season (Table 3). Average cotton lint yield was highest in the HI 218 
treatment with 1.56 t ha-1 and significantly lower in the LI (0.73 t/ha), while there was no 219 
significant difference between the MI (1.07t ha-1) and the HI and LI treatments. 220 
The temporal course of the measured soil N2O fluxes is depicted in Figure 3. Highest fluxes 221 
occurred right after irrigation (21 November 2010) following fertilizer application at planting 222 
and amounted to daily values of 91.8, 100.4 and 84.9 g N2O-N ha-1 day-1 in the HI, MI and LI 223 
treatments, respectively. N2O emissions stayed elevated for approximately five days and then 224 
declined to values below 5 g N2O-N ha-1 day-1 in mid December. From mid December to mid 225 
February, N2O fluxes remained comparably low (< 5 g N2O-N ha-1 day-1) and neither rainfall 226 
events nor the application of 50 kg-N ha-1 of urea at the end of January showed a pronounced 227 
effect on N2O fluxes. This pattern was observed in all three treatments; however absolute 228 
emissions were significantly higher in the MI treatment despite the fact that there was only 229 
minor difference in irrigation at the onset of the experiment between the HI and MI 230 
treatments (Table 2). N2O emission peaked again after heavy rainfall on February 16 (73mm) 231 
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and March 2 (71mm) and then returned to baseline emissions (< 1 g N2O-N ha-1 day-1) until 232 
harvest (May 20).  233 
In contrast to N2O, there was a significant effect of irrigation on the soil CO2 flux (Table 234 
3Error! Reference source not found.). Average soil CO2 flux over the entire cropping 235 
season was highest in the HI treatment with 23.0 kg C ha-1 day-1 and significantly lower in the 236 
MI (20.4 kg C ha-1 day-1) and the LI (15.2 kg C ha-1 day-1) treatments (Table 3). The temporal 237 
course of the CO2 flux from the different treatments is displayed in Figure 4. Daily CO2 238 
emissions ranged from 1.08 to 63.34 kg -C ha-1day-1 with highest emissions following rainfall 239 
or irrigation. Lowest values were observed when soil moisture contents were low, in 240 
particular towards the end of the cotton season, and were significantly higher in the HI 241 
treatment. 242 
Soil CO2 fluxes showed a clear diurnal pattern following changes in air temperature over the 243 
day (Figure 5). Highest emissions were observed late in the morning to early afternoon (9:00 244 
– 15:00), lowest emissions during the night (21:00 – 3:00). Over the season mean fluxes from 245 
9:00 – 12:00 were approximately 1.8 times greater than fluxes from 21:00 – 24:00. 246 
The observed N2O fluxes didn’t show a pronounced diurnal pattern over the entire season 247 
(Figure 5), although we could observe a diurnal flux pattern similar to CO2 emissions during 248 
certain periods over the season (data not shown). Overall, fluxes were highest during the day 249 
(6:00-15:00) and lowest during the afternoon/ early night (15:00-21:00) with the highest 250 
emissions from 6:00 – 9:00 being 30% higher than lowest emissions from 18:00 – 21:00. 251 
 252 
Effect of soil and environmental parameters on soil N2O and CO2 fluxes 253 
Overall, daily N2O and CO2 fluxes were positively correlated with soil moisture and soil 254 
temperature and tended to peak on the day of rainfall (Table 4). About 52% (CO2) and 40% 255 
(N2O) of the temporal variation in daily fluxes could be explained by changes in soil moisture 256 
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and 21% (CO2) and 18% (N2O) by changes in daily soil temperature. Soil N2O fluxes were 257 
also significantly related to the CO2 respiration rates. There was poor correlation between soil 258 
mineral N contents and soil N2O fluxes. A significant positive correlation was found between 259 
soil NH4+ levels and N2O fluxes, whereas there was no significant effect of soil nitrate levels 260 
on N2O emissions. There was also no significant effect of soil mineral N content on CO2 261 
fluxes. 262 
Discussion 263 
N2O Fluxes 264 
We monitored N2O and CO2 fluxes from the soil of a cotton field under different irrigation 265 
regimes over an entire season using a high resolution, fully automated monitoring system. To 266 
our knowledge this is the first paper to report soil N2O emissions, coupled with CO2 267 
emissions, from an irrigated cotton field in Australia. Daily soil N2O emissions observed in 268 
this study ranged from -0.2 to 100.4 g N2O-N ha-1 day-1 and cumulative emissions from 0.80 269 
kg N2O ha-1 to 1.07 kg N2O-N ha-1 over the cotton growing season. Comparing these fluxes 270 
under cotton with values reported from the same site during the preceding season under 271 
wheat (Scheer et al. 2012), peak fluxes were approximately fivefold and seasonal emissions 272 
double those under wheat. This difference seemed to be associated mainly with higher soil 273 
temperature and rainfall and hence higher soil microbial activity during the cotton season. 274 
During the cotton season high emission events occurred with soil temperatures varying from 275 
22-31 ºC, compared to a temperature range of 8-21 ºC during peak emissions in wheat. But 276 
overall N2O fluxes observed in this study are at the lower end of N2O emissions reported 277 
from irrigated agriculture, although only little data on irrigated cotton is available. Liu et al. 278 
(2010) reported annual emissions of 2.6 kg-N ha-1 yr-1 from irrigated cotton fertilised with 66 279 
kg N ha-1 in Northern China, while Scheer et al. (2008) reported seasonal emission ranging 280 
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from 0.9 – 6.5 kg N ha-1 from different cotton fields (fertiliser rates ranging from 162.5 – 250 281 
kg N ha-1) in Uzbekistan. Only a study in Pakistan found comparably low N2O emissions 282 
(0.32 ± 0.35 kg N ha-1 season-1) from flood irrigated cotton fertilised with 100 kg N ha-1 of 283 
urea (Högberg et al. 2002). In Australia, Rochester (2003) estimated N2O emissions from 284 
alkaline grey clay soils during a cotton season to be in the range of 1.6-2.6 kg N2O-N ha-1 and 285 
from sugar cane soils in high rainfall regions extraordinarily large emissions of up to 72.1 kg 286 
N2O-N ha-1 (over 342 days) have been reported (Denmead et al. 2010). Compared to these 287 
values, N2O fluxes measured during this study are at the low end. It is not entirely clear what 288 
drives these substantial differences from different cropping systems. At our site many 289 
conditions are met that are prone to elevated N2O emissions: high rainfall/irrigation and 290 
heavy textured soils increasing the frequency of anaerobic conditions in the soil, high rates of 291 
mineral N fertiliser (200 kg N ha-1), and high soil temperatures over the entire cropping 292 
season. Consequently, we expected substantial N2O emissions from our experimental plots. 293 
We presume that the comparable low N2O losses at our site are related with limited 294 
availability of labile carbon in the soil and the neutral soil pH which restricted denitrification 295 
activity and increased the N2/N2O emissions ratio (Scheer et al. 2012). However further 296 
research is needed on denitrification rates and the N2/N2O emissions ratio in such cropping 297 
systems to confirm this hypothesis. 298 
Nitrous oxide fluxes in our study were primarily correlated to soil moisture and temperature 299 
and to a lesser extent the NH4+ concentration in the upper soil (Table 4). These results agree 300 
well with our current understanding of N2O production in soils, where soil temperature and 301 
availability of water and substrate control the growth and metabolism of soil nitrifiers and 302 
denitrifiers and hence the release of N2O into the atmosphere (Skiba et al. 1998; Zheng et al. 303 
2000).  304 
 305 
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 306 
CO2 Fluxes 307 
Cumulative CO2 fluxes over the cotton growing season ranged from 2.7 Mg -C ha-1 to 308 
4.1 Mg-C ha-1 for the different treatments (Error! Reference source not found.). These 309 
values are comparable to those reported for agricultural soils under annual crops in other 310 
regions. Mu et al. (2009) reported mean annual CO2 emissions of 0.9 Mg C ha-1 to 7.3 Mg C 311 
ha-1 from upland crop soil using a dataset comprised of 116 field measurements from 21 312 
different sites. Similar to N2O emissions there was a significant positive relationship between 313 
CO2 fluxes and soil moisture and temperature, which confirms the result of previous studies 314 
that found soil respiration mainly regulated by changes in soil temperature, moisture content, 315 
and substrate availability (Almagro et al. 2009; Han et al. 2007). In all treatments CO2 fluxes 316 
increased sharply after rain and irrigation events, in particular following heavy rainfall on 317 
February 16 (73mm) and declined considerably towards the end of the growing season (April 318 
- May) with declining soil moisture and temperature levels. In contrast to the N2O emissions 319 
there was a significant effect of the irrigation treatment with highest emissions occurring in 320 
the HI and lowest in the LI treatment. It seems that more frequent irrigation stimulated soil 321 
respiration by reducing the occurrence of limiting soil moisture conditions towards the end of 322 
the growing season and increasing the frequency of CO2 emission pulses. These findings are 323 
in line with other studies where increased soil respiration rates after irrigation and a rapid 324 
pulse of CO2 production following precipitation and the rewetting of dry soils have been 325 
reported (Jenerette et al. 2008; Raich and Schlesinger 1992). However, it needs to be 326 
considered that CO2 emissions measured in this study represent the total of heterotrophic 327 
microbial soil respiration and autotrophic plant root respiration. It has been shown that soil 328 
respiration is strongly linked to plant production because root respiration largely depends on 329 
the amount of photosynthates translocated from the aboveground part of the plant (Han et al. 330 
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2007; Högberg et al. 2002). In our study we observed significantly higher crop yields and 331 
aboveground biomass rates in the treatments with more frequent irrigation. Therefore, we 332 
presume that irrigation intensity had a significant impact on soil respiration via two factors: 333 
(1) increased plant production stimulating autotrophic root respiration and (2) changes in the 334 
soil moisture regime stimulating heterotrophic soil respiration. 335 
Diurnal pattern of N2O and CO2 emissions 336 
The observed diurnal pattern of N2O emissions was far less evident in this study than during 337 
the preceding season under wheat. While Scheer at al. (2012) reported highest diel N2O 338 
emissions in the evening/night and up to 10 fold increases in fluxes over a diurnal cycle, we 339 
did not observe a distinct diurnal emission pattern in cotton for the majority of measuring 340 
days and overall lowest emissions occured at night (Figure 5). This difference seems to be 341 
associated with the higher soil temperatures over the cotton season. While soil temperatures 342 
generally stayed above 20 ºC from October-April they frequently fell below 10 ºC from June-343 
September. It seems that diurnal changes in soil temperature had a far bigger effect on soil 344 
N2O production during the wheat season in winter with soil temperatures varying from 10-345 
20 ºC over the day, compared to a daily temperature range of 20-30 ºC during the cotton 346 
season in summer. The diurnal variation of CO2 fluxes was more pronounced than for N2O 347 
emissions and reflects the influence of soil and air temperature on soil respiration (Figure 5). 348 
Soil CO2 fluxes showed a daily sinusoidal pattern when other factors such as soil moisture 349 
were not limiting reaching the maximum between 10:00 and 14:00 and the minimum at night. 350 
This pattern is similar to other studies on diurnal CO2 emissions (Parkin and Kaspar 2003; 351 
Wang et al. 2010). Overall, mean soil CO2 and N2O emissions rates for different time 352 
windows during the day as displayed in Figure 5 clearly show that single point measurements 353 
can severely over- or underestimate daily average soil CO2 and N2O emissions. Taking only 354 
one measurement per day between 9:00 and 12:00 as it is commonly practiced by many 355 
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manual sampling campaigns would have resulted in a 35% and 12% overestimation of the 356 
average seasonal flux rate for CO2 and N2O, respectively, while measurements taken during 357 
the night generally underestimated the daily average soil CO2 emissions. These results 358 
demonstrate the need to take diurnal emission pattern into account in order to derive a 359 
representative daily average soil CO2 and N2O flux of an ecosystem and highlight the value of 360 
measurements with sub-daily resolution. 361 
N2O emission factors and N2O intensity 362 
In the current study, emission factors were calculated without the correction for background 363 
emissions. Therefore, these emission factors need to be treated with caution when comparing 364 
them to other studies of irrigated agriculture. N2O-N losses over the cotton cropping season 365 
ranged from 0.40 to 0.53 % of total fertiliser N applied for the different treatments. These 366 
values are at the lower end of emission factors reported for other irrigated cotton systems. 367 
Scheer et al. (2008) estimated seasonal losses in the range of 0.4 to 2.6% from different 368 
irrigated cotton fields in Uzbekistan, while Liu et al. (2010) reported annual emissions of 369 
3.96% from an irrigated cotton system in Northern China (both uncorrected for background 370 
emissions). Considering that emission factors corrected for the background emissions are by 371 
definition lower than uncorrected emission factors, our data suggests that emissions factors 372 
from irrigated cotton on a black vertisol in Australia are likely to be considerably lower than 373 
the IPCC default value (1% of N applied (IPPC 2006)) and that this default value may not be 374 
suitable for such a system. However, the uncorrected emission factors found in this study 375 
were in good agreement with the emission factor for irrigated cotton (0.5%) used by the 376 
Australian government for their national GHG Inventory report (ANGA 2010). This 377 
emphasizes the need for differentiated emission factors to reliably estimate emissions from 378 
agricultural systems according to differences in environment, crops and management 379 
(Galbally et al. 2005; Lesschen et al. 2011). In view of the emissions factors of 0.2 to 0.4% at 380 
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the same site during the preceding wheat season (Scheer et al. 2012), it seems likely that 381 
mean annual emission factors in such systems are even lower that 0.5% once they are 382 
corrected for background emissions. These results highlight the need for more long term field 383 
measurements including different fertilizer management strategies in order to validate 384 
emission factors for specific agricultural systems in Australia. 385 
The N2O intensity defines how much N2O is emitted per ton of cotton lint produced and can 386 
be used as an indicator on how effective the cropping system is in terms of maximizing crop 387 
yield and reducing N2O emissions. The N2O intensity for the different treatments ranged from 388 
0.55 to 1.11 kg N2O-N per tonne of cotton lint produced (Table 3). While the highest absolute 389 
N2O emissions were found in the MI treatment and there was no difference between N2O 390 
emissions in the HI and MI treatments the N2O intensity declined with the irrigation intensity 391 
due to a significant impact of irrigation on cotton yield. The significant effect of irrigation on 392 
yield also shows that an optimized irrigation practice will be profitable and is most likely be 393 
adopted by farmers, given that enough water is available, and will reduce the N2O intensity at 394 
the same time. Moreover, these results demonstrate that for the development of sustainable 395 
N2O mitigation strategies it is more important to reduce the N2O intensity of a system rather 396 
than the absolute N2O emissions.  397 
Influence of irrigation management on N2O emissions and implications for mitigating N2O 398 
emissions 399 
There was only a minor effect of the different irrigation treatments on soil N2O fluxes over 400 
the season. We found no differences between the HI and the LI treatments, while emissions 401 
were significantly higher in the MI treatment. Since N2O fluxes at the onset of the cotton 402 
season were already significantly higher in the MI when there was only a minor difference in 403 
irrigation between the HI and the MI treatment (Table 2) we presume that this difference was 404 
most likely caused by a high spatial variability of the different experimental plots rather than 405 
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by the different irrigation intensities. Emission pulses occurred in all treatments after heavy 406 
rainfall events caused by a series of summer thunderstorms which had a bigger impact on soil 407 
N2O fluxes than the actual irrigation treatment. The high impact of these heavy rainfall events 408 
shows, that large irrigation amounts following the application of N-fertiliser or fertilisation 409 
before heavy rainfall should be avoided whenever possible, which confirms the results of 410 
previous studies (Liu et al. 2010; Scheer et al. 2012; Scheer et al. 2008). However, in the 411 
investigated cropping system the amount of rainfall over the cotton season is usually high and 412 
it is generally hard to accurately predict thunderstorms and heavy rainfall events during the 413 
growing season. Therefore we conclude that in the investigated system there is only limited 414 
scope to reduce absolute N2O emissions by different irrigation intensities because this might 415 
be overridden by heavy rainfall during the season. However, the significant impact of the 416 
irrigation treatments on the N2O intensity clearly shows that irrigation can easily be used to 417 
optimise yield and thus the N2O intensity of such a system. Small irrigation amounts in 418 
regular intervals or when the available water content is depleted will have only a minor 419 
impact on soil N2O emission but will help to avoid plant water stress and thus reduce the N2O 420 
intensity of a cropping system. 421 
Conclusion 422 
To our knowledge this is the first study to report on N2O emissions from irrigated cotton in 423 
Australia based on automated field measurements. Overall daily N2O emissions were low 424 
(-0.2 to 100.4 g N2O-N ha-1 day-1) corresponding to cumulative losses from 0.80 kg N2O ha-1 425 
to 1.07 kg N2O-N ha-1 over the cotton growing season. Irrigation intensity had only a minor 426 
effect on the emissions of N2O because highest emission happened in all treatments following 427 
heavy rainfall events caused by a series of summer thunderstorms which overrode small 428 
differences in N2O fluxes caused by the irrigation treatment. However, the effect of the 429 
18 
 
different irrigation treatments on yield and the resulting N2O intensity shows clearly that 430 
proper irrigation management can easily be used to optimize the N2O intensity. We conclude 431 
that for the development of sustainable N2O mitigation strategies in such a cropping system it 432 
is more important to reduce the N2O intensity of a system rather than at the absolute N2O 433 
emissions.  434 
435 
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Table 1:  Selected  soil properties of  the  experimental plots  at  the Kingsthorpe  research  station, 
Queensland, Australia. 
 
 
 
Table 2: Amount of irrigation water [mm] and N fertilizer applied to three irrigation treatments (I‐
50, I‐60 and LI) at the Kingsthorpe research station, Queensland, Australia. 
 
   Irrigation [mm] Fertilizer  
Date  HI  MI LI [kg‐N ha‐1] 
17/11/2009  100 
21/11/2009 34  34 27  
27/11/2009 26  26 21  
04/12/2009 19  19 19  
06/12/2009 15  13 14  
08/12/2009 15  14 12  
10/12/2009 18  19 20  
20/01/2010 20   50* 
25/01/2010 15   
28/01/2010     50** 
04/02/2010 20  17  
12/02/2010 40  18 14 50 
01/04/2010 27   
14/04/2010 26  14  
Total   275  174 127 200 
  *   HI fertilized 
    ** MI and LI fertilized 
 
Soil Property 
Irrigation Treatment 
HI MI LI 
Carbon  0-10cm (g kg-1) 16.1  ± 1.0 15.0 ± 0.3 15.5 ± 0.6 
Nitrogen  0-10cm (g kg-1) 1.5  ± 0.15 1.7 ± 0.03 1.8 ± 0.07 
pH (H2O) 7.3  ± 0.4 7.2  ± 0.2 7.2  ± 0.2 
Texture (USDA) Clay Clay Clay 
Clay (%) 76 76 76 
Silt (%) 16 16 16 
Sand (%) 7 7 7 
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Table 3: N2O and CO2 fluxes, emission factors, irrigation/rain amount, cotton lint yield and N2O 
intensity from three irrigation treatments at the Kingsthorpe research station, Queensland, 
Australia. Means denoted by a different letter indicate significant differences between the 
treatments (Wilcoxon test; p < 0.05). 
 
 Irrigation Treatment 
Measurements HI MI LI 
Average N
2
O Flux [g -N ha-1day-1] 4.64 ± 1.1
ab 6.04 ± 1.4 a 4.55 ± 0.5b 
Seasonal N
2
O Flux [kg -N ha-1 season-1] 0.82 ± 0.11
ab 1.07 ± 0.15b 0.80 ± 0.05a 
Emission Factor [%]* 0.41 0.53 0.40 
Average CO
2
 Flux [kg -C ha-1day-1] 23.0 ± 3.5
a 20.4 ± 1.7 b 15.2 ± 4.7c 
Irrigation + rain [mm] 734 633 586 
Lint yield [t ha-1] 1.56 ± 0.08a 1.07 ± 0.31ab 0.73 ± 0.24b
N2O intensity [ kg-N2O-N  t-yield
-1] 0.52 1.00 1.11 
 *uncorrected for background emissions of N2O‐N 
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Table 4: Correlation between N2O and CO2 fluxes and measured soil and environmental 
parameters for all treatments, over the study period (17 November 2009 to 20 May 2010).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable n N2O Flux  
[g -N ha-1day-1] 
CO
2
 Flux  
[kg -C ha-1day-1] 
CO2 Flux, [kg -C ha-1day-1]  380 0.27**  
WFPS (3cm), % 60 0.64** 0.72** 
WFPS (13cm), % 60 0.60** 0.76** 
WFPS (23cm), % 60 0.44** 0.75** 
WFPS (33cm), % 60 0.24 0.70** 
Rainfall, mm day-1 465 0.31** 0.09 
Soil temperature (10cm), ºC 465 0.43** 0.46** 
Soil NO3-, kg-N ha-1 27 0.33 -0.12 
Soil NH4+, kg-N ha-1 27 0.48* -0.24 
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Figure 1: Maximum and minimum hourly air temperature, daily mean soil temperature and daily 
precipitation over the cotton growing period at the Kingsthorpe research station, Australia  
(17 November 2009 to 20 May 2010). 
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Figure 2: Soil water‐filled pore space (WFPS), soil nitrate and soil ammonium content over the 
cotton growing period (17 November 2009 to 20 May 2010) at the Kingsthorpe research station, 
Queensland. 
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Figure 3: Daily N2O fluxes and amounts of rainfall and irrigation for the three irrigation treatments 
(HI,  LI  and  LI)  over  the  cotton  growing  period  (17  November  2009  to  20  May  2010)  at  the 
Kingsthorpe research station, Queensland. Error bars indicate the standard error of the means (n = 
3). Arrows indicate the timing of N fertilizer applications. 
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Figure  4:  Daily  CO2  fluxes  for  the  three  irrigation  treatments  (HI,  MI  and  LI)  over  the  cotton 
growing  period  (17  November  2009  to  20  May  2010)  at  the  Kingsthorpe  research  station, 
Queensland. Error bars indicate the standard error of the means (n = 3).  
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Figure 5: Diurnal variation of the mean N2O and CO2 fluxes over the cotton growing season. Fluxes 
are the mean of 9 measuring chambers that were installed in the different treatments error bars 
show the standard error of the mean. 
 
 
